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PREFACE

BAMIRAC, the Ballistic Missile Radiation Analysis Center, is a facility of the
Institute of Science and Technology at The University of Michigan, It is supported
by ARPA, the Advanced Research Projects Agency, under Contract SD-91, as a
part of Project DEFENDER (research on and defense against ballistic missiles),

BAMIRAC functions as a center for analysis of and information on ballistic
missiles and space vehicles, with the objective of formulating defense measures
against them. Analyses of experimental and theoretical results, conducted in three
general subdivisions corresponding to the launch, midcourse, and reentry phase
of ballistic missile flight, are evaluated and examined for correlations, In its opera-
tion as a technical information center, BAMIRAC collects, processes, and dissemi-
nates information concerning electromagnetic radiation emanating from or caused by
ICBM's or IRBM's, from reports of field measurements as well as from laboratory
and theoretical results.

In addition to analyzing the results from external sources, BAMIRAC conducts
its own thecretical and experimental investigations.

The results of the work within BAMIRAC are combined with the material obtained
from outside sources to develop models for ballistic misaile radiation, The informa-
tion so obtained is disseminated in technical reports, which are published {requently.
The technical content of the library holdings is made available to organizations whose
representatives have proper authorization; in addition, the library prepares bibliog-
raphies on requeat, BAMIRAC also aids ARPA by handling various technical meet-
ings and by publishing the Proceedings of the Anti-Missile Research Advisory Council,

BAMIRAC is under the technical direction of the Infrared Laboratory, It draws
also, however, upon the capabilities of the Computation Department of the Institute,
and upon those of the Aircraft Propulsion Laboratory of the Department of Aeronauti-
cal and Astronautical Engineering and of other departments of The University of
Michigan, particularly within the College of Engineering.
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SYMBOLS, CONSTANTS, AND CONVERSION FACTORS

= Einstein transition probability from state m to n, sec'1

= Classical semi~-major axis of electron energy state, cm
Defined by Equations 56 and 58
Defined by Equation 42

= Velocity of light, 2.997928 x 1010 cm/sec
= Debye-Hickel (subscript)

= Term value of state m, em”!

= Energy level of state m, ergs 10

= Electron charge, 4.80286 x 10” " esu

= Degeneracy of state m, 2Jm + 1‘27

= Planck's constant, 6.62517 x 10 erg sec

= Intensity of spectral line, erg sec”! cm™ sterad™!
= Inner quantum number of state m

= Boltzmann's constant, 1.38044 x 10~
= 1/1.4388 cm ™! deg™’

= Equilibrium constant, atm

16 1

erg deg
deg”

= Energy state

= Electron mass, 9.1083 x 10.28 €

= Original mole {fraction of copper

= Total particle density

= Number density of atoms in state m, em™S

= Electron number density, em™S

= Number density of atoms in ionization stateq. q=0,1, 2, ., ..

= Pressure, atm

= Intensity ratio

= Temperature, °K

= Energy to ionize an atom from g-th to (q + 1)-at ionization state in the plasma
= Mole fraction of species s

= Partition function for atoms in the q-th fonization state

= (21rmek)3/ a/ha (Section 6)

=2 +/ Zo 4
= Frequency, sec

= Debye radius, cm

= Wavelength
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n =3.,14159 . ., .

4 = Effective nuclear charge in units of e
Cul = Neutral copper

Cu Il = Singly ionized copper

Conversion Factors [1]

lev =1.80206 x 1072 erg
= 8066.03 cm” ]
14 -
= 2.41814 x 10" sec
1em™! - 1.08618 x 10718 erg
= 12307.67 x 102 ev
1 sec! = 6.62517 x 1072 erg
15

=4,13541 X 10" " ev
lerg =1.50040 x 108 gec™!
= 5.03479 x 10'% em ™!
latm = 1;013246 P 106 dynes cm™2
Constants for Copper [7], 8]
For Cul a 5106.54
g AT = 051 x 10° ec”
E_ =30783.7cm”!

1

1 For Cul A 5153.24

g AT = 4.7x 10°

E = 49935.2 cm
m

-1
gec

1

Ionization potential for Cu I
= 7,72588 ev

= 62317.2 em !

Ionization potential Cu II
= 20,2907 ev

= 163665.6 cm ™




PROPERTIES OF COPPER PLASMA
Calculation of the Partition Function, Species Concentration,
and Spectral-Line Intensities

ABSTRACT

The self-consistent partition function; ionization potential lowering; electron,
fon, and neutral-particle species concentrations; and the absolute spectral-line
intensities of Cu I 5106 and Cu I A 5153 are reviewed and tabulated for pressures
between 0.03 and 10 atm, for original mole fractions between 10-4 and 0.03 and
for temperatures from 20000 to 10,000°K, for copper vapor in a hot inert gas at
thermal equilibrtum. Only single ionization of copper is considered in this range
of conditions. For the partition function cutoff, all electron states whose classical
semi-major axis exceeds one-half the Debye distance are suppressed. The results
should be of use in spectroscopic plasma diagnostics and other situations where
the trace amounts of copper usually present can be used for temperature measure-
ment.

1
INTRODUCTION
For the determination of temperature and other physical properties within a plasma, spec-
troscopic metiiods are of yreat Interest and value [2, 3, 4].

In this report the formulas necessary to calculate species concentration and spectral line
intensities are reviewed and then applied to copper vapor in an inert gas. These calculations,
while straightforward for atomic spectral lines in optically thin plasmas, are rather tedious,
particularly in view of the iteration necessary even for this rather simplified case; therefore
a digital computer was used.

In order to make meaningful estimates of the reguired sensitivity of photomultipliers,
amplifiers, and other light detectors, it is necessary to have quantitative information on the
intensity of radiation that will be measured for the range of temperatures, pressures, and mole
fractions that are expected.

The intensities of the spectral lines Cu I A 5106 and Cu I X 5153 are calculated for the
idealized case of copper vapor in a hot inert gas. All eloctrons are presumed to originate
from the single ionization of copper. Double lonization of copper has been neglected for the
range of conditions covered here. This assumption gives an error of less than 1/2% at 10,000°K.
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The partition functions for Cu I and Cu II, ionization potentiaj lowering, Debye radius, and
species concentrations are also tabulated. This allows computation of other copper spectral line
intensities if values for thelr transition probabllities are known.

It should be possible to use the calculations to help determine contamination levels of copper
electrode material introduced in plasma jets, as well as temperatures within the plasma.

The internal partition function tabulation will permit calculation of the contribution of the
internal degrees of freedom to the various thermodynamic functions,

2
FUNDAMENTAL EQUATIONS

2.1. INTENSITY OF AN ATOMIC SPECTRAL LINE

The radiant power {rom a spectral line emitted in all directions (47 sterad) from a unit
volume of gas, arising from a transition hetween two energy states of an atom, is equal to the
product of the number of transitions per unit time between the two states, and the energy change
involved in the transition between the two states.

The number of transitions per second between an upper state m and a lower state n is
given by the product of the number of atoms per cm3 in the upper state m, and the transition
probability per second from state m to state n.

If the number density of atoms in the upper state mis n m cm'a, and the transition prob-

abllity between upper state m and lower state n is A:‘ sec'l, then the number of transitions
per second between upper state m and lower state n is

The energy change of the transition between an upper state of energy Em and a lower state
of energy En is given by

Em - En =hy ergs

where v is the frequency of emitted radiation and h is Planck's constant.

Therefore, the radiant intensity per cm3 of gas emitted into 1 sterad from a spectral line
is [4]

1 m -1 -3 -1
I=g-hvA 'n_ ergsec’ cm ° sterad (1
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At thermal equilibrium, the number density of particles in energy state I, compared to the
number density of particles in energy state m, is given by the Boltzmann energy distribution
as [5, 6]

where g is the statistical weight or degeneracy of energy level El’ and k is the Boltzmann con-
stant. Summing n, over all energy levels in the same lonization state, we find the number den-
sity of atoms in the q-th state of ionization to be [4, 5]

n -E, /KT
_2: . m i
Mg & E /k’ergle

m

n 7z
-G em™ (@)

g e

where
-E, /kT
zq=Zs,e : ®
i

is the internal partition function for atoms in the q-th state of ionization. Therefore,

" g e- Em/lﬂ'
n. = gm em™? @
q
Substituting Equation (4) into Equation (1), we find [4]
n hv g Am e-E /vt
I= —g— m.n e erg sec”! cm™S sterad™! (5

Values of Em are tabulated in Reference 7, and values of gmA:‘ can be found in Reference
8. Other compilations and bibliographies of transition probabilities can be found in References
8, 10, and 11.
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2.2. SAHA EQUATION
For a given element, the number density of atoms in successive tonization states at ther-

mal equilibrium is given by the Saha Equation [4, 12, 13]:

3/2
“q+1ne _ 2Zq+1 (21rm%kT) e-Vq/I(I‘ ©
q Zq h

where n_ = number density of atoms in the q-th ionization state, cm'3

=

ng = number density of electrons, cm-3

Zq = partition function for atoms in q-th ionization state

m, = electron mass

V':l = {onization energy necessary to lonize an atom from the q-th state of ionization to

the (@ + 1)-st lonization state within the plasma.

Note that the mass of the atom in the ¢-th state of iontzatton,mq, has been taken equal to

m and Ze =2,

q+l
A Conslidering single lonization of neutral atoms (q = 0), Equation 8 becomes

nn 22 @m kY% -v_/kr
te___* e R 0 M
Ng  Zp

Within the plasma we have charge neutrality [14}

ny = 2 an, (®)
q

where the sum is taken over all ionization states, q =0, 1,2, ....

Equations 5, 6, and 8 are the fundamental equations necessary for the calculation of species
concentration and spectral-line intensities. They can be manipulated in several ways for con-
venience in a particular application.

3
COPPER SPECTRAL LINES, Cul A 5106 AND Cu | A 5153

The Cu I X 5106 and Cu I X 5153 lines are of interest here for the following reasons:

1. Their wavelengths are nearly equal, which will minimize problems of spectral sensi-

tivity of a detector.
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2. Thelr upper energy levels have relatively large differences, so that the population
ratio of these levels is a relatively strong function of temperature, t..rough the Boltz-
mann factor. '

3. Neither line is a ground-state transition; thus problems of self-reversal of the central
radiation by the relatively cold outer atoms is avoided.

4. They have relatively well-determined transiiion probabilities.

5. They arise from neutral copper atoms so that partition functions do not enter into their
relative lutensity.

6. They have reasonable intensities and intensity ratios for temperatures in the range 3000°
to 10,000°K.

The intensity ratio of these two lines is calculated below. Their absolute values are tab-
ulated in the appendix, having been calculated from Equation 5.

The intensity ratio of two lines, 1 and 2, arising from an atom in the same ionization state
(n01 =Ny zm = Zoz) is, from Equation 5,

m

L V8,4 E .-E
L :‘l“"(' o m3> ®
28 oA
m2 “'n2
8o that
I v g Am E -E
1 1 1
2 2 (gmAn)z

Assuming the index of refraction for the two wavelengths as measured in air is nearly con-
stant, then

vi/vg=2y/N

It E_ is measured in cm'l, then

m
108 Il - 10‘ (‘mAn )1 - log-kl - 0.“4856(Em1 B Emg) (10)
1A (gmA:‘)a Ay

For Cu I [7, 8] (see also constants in Symbols List),’
Ayt 5153.24

Az = 5108.54
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(g'A)l = 4.7 x 108 sec™}

(8A), = .051 X 10% gec”!

. -1
Eml = 49935.2 cm
-1
Emz = 30783.7 cm

If we denote L/I2 by [x 5158 Cu I]/[x 5108 Cu I], Equation 10 becomes

A 5183 Cu I 119446.9
log [ 3§05 gep )" 196040 - S22 | an
We can also write this as
e 11966);9 — (a2)
1.86049 - log [x 5106 Cu 1

Figure 1 is a plot of Equation 11.

10.0
8.0

:ﬁ: %

08 L

[ R
0.08

Cul A 5153/Cu I 5108
(-4

0.01 -
3000 4000 5000 6000 7000 8000 9000 10,000
TEMPERATURE (%K)

FIGURE 1. INTENSITY RATIO V8, TEMPERATURE
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4
JONIZATION-POTENTIAL LOWERING AND TRUNCATION
OF THE PARTITION FUNCTION SUM

Because of the interaction of an atom with the nearby particles in a plasma, the fonization
potential will be lowered for a particle inside a plasma. Physically, an excited atom inside a
plasma can spontaneously lonize because of the perturbation of its neighbors if its energy state
ie between this lowered ionization potential and the ordinary lonization limit of an unperturbed
atom.

Coupled with the physical process described above is the observation that for large temper -
atures the exponential factor in the internal partition function sum (Equation 3)

Z=Z 8ge
K

approaches unity, allowing the sum to diverge as more and more terms are taken, The

-E /KT

degeneracy g of the state having principle quantum number n is 2n2 [15]). A method for avoiding
this difficulty is to truncate the partition function sum. The amount that the energy level of the
last term taken in the truncated sum lies below the ordinary ionization limit corresponds to

the lowering of the ionization potential.

Several criteria have been put forward as to where to truncate the partition function and
how much to lower the ionization potential [4, 16, 17]. The actual value of the partition function
is rather insensitive to the particular cutoff criterion used. The partition function sum will be
truncated when the classical semimajor axis of the electron orbit is greater than or equal to
one-half the Debye screening distance. The results obtained here by physical reasoning agree
with the Debye-Hiickel theory for dilute plasmas [18]. Good experimental confirmation of this
Debye distance-truncation criterion for argon plasmas has been shown [19].

The semimajor axis of a classical electron orbit is [15]

2
asiew cm (13)

where { is the effective nuclear charge ({ = 1 for atoms, { = 2 for singly ionized lons, etc.),
e is the electron charge, and W is the energy of the electron state in ergs measured downward
from the tonization limit. If we measure energies upward from the ground state, which lies



Institute of Science and Technology The University of Michigan

ka below the ionization limit, we replace W by wion -~ W. Replaci.ig energies W measured in
ergs by term values E measured in cmnl, E = W/he

2
e

(14)
he(E, n - E)

as=

Evaluating constants we find

-4
a= -S-LB—Q‘M l: om (15\
E -E ’
fon
as the semimajor axis of a state having term value E of an atom with fonization term value

E:lon'

The Debye radius is given by [14, 18|

./ KT / T ,
d
V4nezE\e +Z n‘(Ct - l)ﬂ ‘/'e + Z ni(c‘ - 1)2

since we are considering the screening of a stationary charge. The sum is over all the positive-

A = 6.90087

(18)

fon species. If only singly charged ions are present, n e =M,

Aq = 4.87965 V'l‘7ne (17)

If we denote by E d the term value of a state having classical semimajor axis a = A d/2, then
from Equation 15

-3
j - LISLOX 10T (18)
d

Eon " E

Note that E a Ay not correspond to any actual term value of the particle, Since 1 cm'l =
1.23977 x 10™4 ev, the tonization potential lowering is [18]

av=1201Tx10%E  -E

-1
- LAETI0T (19)

fon d

For plasmas having only single-charged ions present,

AV = 2.95075 x 10°° W JTe ev (20)
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where { = 1 for the atoms and ¢ = 2 for the positive fons. The lonization potential for a neutral
atom inside the plasma is therefore "

-8 .
vlon = Vo - 2.95075 x 10 Vne7T ev (21)
The Debye-Hiickel pressure is [18, 19]

KT

Py = -——3 (22)
4 24m
d
For single ionization, using Equation 17,
n 3/2
= -26 e
Py = -1.55517 x 10 T atm (23)
The total pressure is
p = nkT - —-skT l (24)
24m1) d
where n is the total particle density.
5

PARTITION FUNCTION FOR COPPER | AND I

Knowledge of the partition function, (Equation 3),

z -;.,: 8,

for a substance enables us to calculate all thermodynamic properties of interest, using statisti-
cal thermodynamics (5, 6, 20).

-E_ /KT

Because of the dependence of spectral-line intensities upon the populations of the various

energy levels, the partition function enters directly (Equation 5) into the calculation of these
line intensities.

The calculation of the internal partition function is not difficult but is rather tedious for
elevated temperatures where large numbers of energy states must be taken into account and an
iterative procedure followed for an accurate calculation,

As noted in Section 4, the degeneracy of a state with principal quantum number n is 2n2.
Examination of the number of energy levels listed by Moore [7] shows that many may be missing.

The University of Michigan
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No attempt was made in the work reported here to use isoelectronic sequences [7, 17, 21] to
add them.

Levels above the first ionization limit for Cu I, at 62317.2 cm'l, were neglected, Lines
arising from states above this limit are quite broad [22] because of the short lifetimes.
Spontaneous 1onizaticn has a high probability, and for the purposes of the partition-function
calculation an atom in these states was considered as ionized. This point requires further
study.

Figure 2 18 a plot of the internal partition function of Cul and Cu II; the data are taken
from the appendix. The values of the partition functions are functions of temperature alone for
the range of conditions covered here,

4.0 V.

/m

| /

o
o e

2000 3000 4000 5000 6000 7000 8000 0000 10,000
TEMPERATURE (°K)

FIGURE 2. INTERNAL PARTITION FUNCTION

10
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L]
SINGLE IONIZATION OF AN ELEMENT IN AN INERT DILUENT

Consider 1 mole of element M undergoing the ionization reaction

M=M"+e (25)

together with o moles of an inert diluent X. The reaction is written

aX +M - aX +aM + bM" + ce” {26)
where a, b, c are the moles of M, M+, e , respectively, at equilibrium.

We assume each species acts as a perfect gas, with partial pressure of species s given
by [5]

Pg = XgP (21)

where x s is the mole fraction of species s and p is the total pressure,

The equilibrium constant Kp is written [5]

PP, XX
P Pm M

where p is the total pressure in atmospheres, due to particles.

Let N = original mole fraction of species M

1
N = l+0a (29)
We require charge neutrality, so
b=c¢ (30)
The total number of moles at equlibrium is
a+a+brc=M, (31)
Conserving total mass of specles M,
M =aM + bM* (32)

Assuming M = M+, i.e., the atomic mass of species M equals the ionic mass of species M*,
Equation 32 becomes

1=a+b (33)

N
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The total number of moles, Equation 31, becomes, from Equations 29, 30, 31, and 33,
M =+ b 34
T W' (34)

at equilibrium. The neutral mole fraction is

a 1-b
MM TT/N -5 (35)
and the ionized mole fraction is
b b
% T ST v b (36)
X, =X, (37)

by Equation 30, Let X, =Xy =X, and so'ving Equation 36 for b,

= (s8)
so that Equation 35 becomes
1-Nx
XM =1+——G_XT—E-=N-(N +1)x (39)
N'N1-x)

Substituting Equation 39 into Equation 28 yields

. 2
. X
K, = NN T

Solving for x and taking the positive square root since x > 0, we find

K —_—— :
x=_Pi.:p+_l)l: 1+JL! 1] (40)

Kp(N +1)

Whenever

cg__E_-!.4 N <<t (41)

p

aN 1 1 |
xzﬁ%ﬂ}-—0+lc +”] (42)

12
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The neutral mole fraction is then given by Equaﬂon 39.

The inert mole fraction is obtained using
xa=1-(x++xe+xM) (43)
To obtain Kp we proceed as follows. The Saha equation (Equation 7) becomes

nn_(2rm l&'l‘)a/2 2Z -V_/kT
+e_ e + 0

— (44)
M e 2

n

where VQ is the lowered ionization potential of the neutral atom, n+, n e’ nM are the number

densities of ions, electrons, and neutral atoms, and Z+, ZM are the internal partition functions
of ions and neutral atoms.

Using the perfect gas law for the partial pressure of species s [5],

ps = n‘k’l‘ (45)

We can rewrite Equation 44 as

B,p 3/2 5/2|22 -v /kT
l:e=(2nme) l:(—kT) }Je 4

-2
dynes cm (468)

M h3 zm

to have the same form as Equation 28. Changing pressure units in Equation 46 from dynes cm'z

to atmospheres, and evaluating constants gives
2Z -11605.4V_/T
K, = (3.28976 x 10-")¥ Ite 0

(47)
M

where Kp has units of atmosphere, T is measured in °K and Vo is measured in electron volts,
We can also write Equation 47 in the form

g 2z, Vo
log xp = -6.48284 + 3 log T + log q - 5040.16 = (48)

The total pressure is given by Equation 24:

kT

Noting that n e ™ XM and evaluating constants, we can rewrite Equation 24:
3/2 :
0.734002 x 10%2 f + 114150 x 10“(2;2) -n=0 (49)

13

The University of Michigan
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Since the Debye-Hlickel correction must be small to be valid, an approximate root of Equa-
tion 49 is given by

n = p/KT = (0.734002 x 10%%)p/T (50)
This estimate may be improved using Newton's method. Thus
[(0.734002 x 10)p/T] + [1.1415 x 10“(xenJ/'r)3/ 2] - n,

A , (51)
(1.71225 x 10"‘)(xe/r)’/7yﬁ; -1

where nh1 is the improved value for the root n of Equation 48, using the results of the j-th
approximation, nj.

ST B

After satisfactory convergence of Equation 51 has given a value of n, the electron density is
given by

ne = X0 (52)

from which the Debye radius and ionization-potential lowering Equation 19 can be computed,
since the temperature is known,

APPLICATION OF SPEC'I’RAL-I.I:ME INTENSITY MEASUREMENT
TO TEMPERATURE AND COMPOSITION DETERMINATION
As a simple illustration we consider the single ionization of an easily ionized impurity in
an inert cgrrter gas. We shall measure an impurity atom to impurity atom line ratio Ro and an
impurity atom to impurity ion line ratio R+. The subscript zero denotes the neutral state, and
the subscript plus the ionized state. Let the two neutral atomic lines arise from transitions
with upper upper levela Eml and Emz; the ionic line has upper level E ms’ We shall assume the

valuesof v, g mA:" and Em are known and that zo('r), z+('r) are known functions of the tempera-
ture T.

From Equation §: the line-intensity ratios are

m
Ro-ll vl(‘mA:‘)l epr:-(Emll;TEmz)] (53)
2 v A
2(‘m n)2
and . ( m) ( ( .
v (g A™). 2 E ., -{(E_ +V
R e
+ +(‘mAn)+ 0

14
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where vo is the impurity ionization energy. Note that E

. is measured with respect to the
ground state of the ion which lies V

0 above the ground state of the atom. If

(2nmek)3/ 15
a =——T-—-=2.41469>< 10 (55)
h
then from the Saha equation (Equation 7) and Equation 8,
2 Yo/

Equations 53, 54, and 56 constitute three equations in the three unknowns, o 1 and T. If

oy = 2LiSm?n )1 1 (8 )

G (57)
(gm n )2
%1 (Buhn s
€m®n /1
G (58)
(s,,, )
B=2/2 (59)
and Equation 53 is solved for T,
E . -E
__ml m2
T " ¥In (ag/R, (60)
Equation 54 then becomes
na =-(E_,-E_ -V, )/kT
0 + ml + 0
R, =—=—fe (61)
+
and Equation 56 becomes
2
n, -V./kT
= 2 ﬂ,r:s/z 0 (62)
.,
0
From Equations 61 and 62, we find the impurity ion density to be
3/2
2aR+T -(Em*-Emldvo)/kT
N =e—— (83)
+ a

15
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In viewof the charge neutrality

‘The neutral impurity density is

V./kT
n+2e O/
N, & ——

0 20p1?

(84)

(85)

A further measurement of a carrier gas-impurity atom line ratio R ¢ would give

O.—l‘o.—

R = =—E
c n

=—a e
Ozc ¢

where the subscript ¢ = carrier and

<

4 = c(‘gm“‘rilnn )c

C m
l(gmAn )1

<

Since T is known from Equation 60,

R .2, (E mc'Eml)/k'r

n =
c ac Zo

The pressure is

p= (nc +ng+n + ne)kT

The mole fraction of neutral impurity is

n
x 0

n Z0 -(Emc~Eml)/kT

(i

0 c

and the mole fraction of impurity ions is

+n_+n_+n
n, e

The total mole fraction of impurity is X, +X,

(66)

(67)

(68)

(69)

(70

(1)

Note that the assumption of thermal equilibrium permitted the same temperature to be
used in all equations. Note also that Emc and Eml must be referred to a common zero.

16
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METHOD OF gAI.CUlA'l‘ION
Equations 3, 16, 20, 40, 48, and 51 were programmed for an IBM 7090 in MAD (23), accord-
ing to the following scheme. The pressure, temperature, and original mole fraction were read.
The partition functions for Cu I and Cu II were calculated by truncating the partition-function
sum when the terms became less than 10-6. From these trial partition functions, a trial Kp
was calculated, assuming no ionization potential lowering. This trial Kp permitted a preliminary
calculation of Ny E d’ and A da These values were used to re_-eevaluate thepartition functions, and
the sum was truncated when the terms became less than 16 ~ or the term values were higher
than the lowered lonization potential. Second values of K o’ ng» A q’ and lowered ionization poten-
tial were then obtained. When successive iteration of this process resulted in a fractional change
. in X d of less than 10-5, satisfactory convergence was assumed and the rest of the particle den-
sities and spectral-line intensities were calculated. New values of pressure, temperature, and
mole fractions were read, and the process was repeated.

17
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Appendix
COMPUTER PROGRAM AND TABULATION
Values of the internal partition function (Equation 3) for neutral copper (Cu I) and singly
ionized copper (Cu II), the fonization-potential lowering of Cu I, Debye radius (Equation 17),
Debye pressure correlation (Equation 22), equilibrium constant (Equation 47), particle-number
densities, and absolute spectral-line intensities for Cu I » 5106 and Cu I A 5153 are preasented
as functions of temperature, original mole fraction, and total pressure,

2000 < T < 10,000°K
0.03 < p<10atm
0.0001 < N < 0.03

The number .2002 X 10" is printed out as .2002E01, and .1192 x 10" ! is printed out as
1192E-01.
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